The Working Group on California Earthquake Probabilities estimated that the northern Hayward fault had the highest probability (0.28) of producing a M7 Bay Area earthquake in 30 years (WGCEP, 1990). This probability was based, in part, on the assumption that the last large earthquake occurred on this segment in 1836. However, a recent study of historical documents concludes that the 1836 earthquake did not occur on the northern Hayward fault, thereby extending the elapsed time to at least 220 yr ago, the beginning of the written record. The average recurrence interval for a M7 on the northern Hayward is unknown. WGCEP (1990) assumed an interval of 167 years. The 1996 Working Group on Northern California Earthquake Potential estimated ~210 yr, based on extrapolations from southern Hayward paleoseismological studies and a revised estimate of 1868 slip on the southern Hayward fault.
Introduction
The northern Hayward fault extends for ~50 km, from San Leandro to beneath San Pablo Bay, next to the most densely populated parts of the East [San Francisco] Bay Area. The Working Group on California Earthquake Probabilities (1990; WGCEP90) assigned a reliability ranking to the 30-yr probability of occurrence of major earthquakes on each of six selected fault segments in the Bay Area. They gave the northern Hayward ( Fig. 1) and Rodgers Creek faults the lowest reliability rankings in the region, principally because these segments lacked reliable data for the most recent event (MRE). The MRE for the northern Hayward fault had been assumed to be a large earthquake in 1836 based on an unconfirmed historical interpretation by Louderback (1947) . However, a recent detailed study of historical documents indicates this event occurred south of the Bay Area (Toppozada and Borchardt, 1998) . Thus, the MRE for the northern Hayward fault is pre-1776, the date suggested by Toppozada and Borchardt (1998) for the start of the regional historical record. Because knowing the age of the MRE is essential for the calculation of time-dependent earthquake probability, constraining the maximum age bound of the MRE is critical information for forecasting major earthquakes on the Hayward fault. Another key objective of this research is the development of a late-Holocene paleoearthquake chronology for the northern Hayward fault. This would better constrain both the mean recurrence interval and the extent of ruptures, essential parameters for increasing the understanding of how the fault behaves and computing probabilities of future large earthquakes.
Constraining the northern extent of earthquake ruptures on the southern Hayward fault, including the M7 historical event in 1868, is required for evaluating fault segmentation and establishing a more realistic probability model. The WGCEP90 assumed that the 1868 rupture extended 36 km, from Agua Caliente Creek to Mills College (AC to MC, Fig. 1 ), based on information gathered 40 years after the earthquake (Lawson, 1908) . A paleoearthquake study in Oakland (Lienkaemper and others, 1995; Lienkaemper and Williams, in press 1999) showed that surface rupture in 1868 extended at least as far north as Montclair Park (MT, Fig.1) , and a new analysis of 19th century triangulation data suggested large slip at depth in 1868 as far north as Rocky Mound (RM, Fig.1 ; Yu and Segall, 1996) . An estimated total length of 61 km or more for the 1868 subsurface rupture now seems reasonable (CR to RM, Fig. 1 ). Thus, confirming or excluding the occurrence of 1868 surface rupture at various locations along the northern Hayward fault is another important objective of our investigations.
This open-file report summarizes the results of the first phase of a paleoseismic trenching study across the Hayward fault at the Mira Vista golf course in El Cerrito, California. We present an overview of site selection, the methodology used, general stratigraphic relationships observed, and the evidence for paleoearthquakes. We then discuss the implications of these results with respect to the MRE, mean recurrence interval, and other potentially useful constraints on the timing of historical and prehistoric earthquakes at this site.
Trenching Results

Site selection
For site selection, we made a reconnaissance of the entire northern Hayward fault zone using aerial photography and made field inspections of the most promising sites. We concentrated our initial efforts north of Oakland to reduce possible complications from the overlapping of northern and southern segment ruptures. Shallow hand coring was done at 3 locations to help choose a site having optimal sedimentary layering and to determine the fault's exact location. The Mira Vista Golf Course site (Figs. 1, 2 and 3) was selected as the most favorable for having fine-scale stratigraphy across the active fault trace.
The favorable depositional environment at Mira Vista is due to a local anomaly in fault strike with respect to regional tectonics. A closed depression or sag pond has formed adjacent to the fault, presumably because the fault strikes N27°W locally. This strike is 8°m ore northerly than the N35°W average strike for the Hayward fault as a whole (Lienkaemper, 1992) . This change in strike makes the fault more likely to have a sizeable extensional and vertical component of slip at this site. The Hayward fault generally seems to be well-oriented to release plate boundary motion as mainly strike-slip. Using regional strain data, Lisowski and others (1991) determined that the maximum right-lateral shear direction was N31.0°W ± 1.6° for the north Bay Area and N34.4°W ± 1.5° for the south and central Bay Area. This result is corroborated by more recent VLBI results (Sierra Nevada blockPacific plate rotatation model, D. Argus, written commun., 1995) that give a net vector of N31°W at the midpoint of the Hayward fault. These values are all similar to the N33°W vector computed using the Nuvel-1A, Pacific-North America plate motion model, which spans the last 3.5 million years (DeMets and others, 1994) . Thus, the tectonic setting of the site is well-suited to producing persistent vertical and extensional components of slip, that would contribute both to high rates of deposition and to a normal-oblique slip style of faulting, both of which greatly improve our ability to recognize paleoearthquakes in trench exposures (Bonilla and Lienkaemper, 1990) .
Methodology
Because we were limited to only 10 days total for trench excavation, cleaning, logging, sampling, backfilling, and for repair of the golf-course, we assembled a team of 6 geologists. Many other personnel assisted in radiocarbon sampling, surveying, and photographing the walls. We cut two trenches to maximize exposure of paleoearthquake evidence; making trench 1 longer to expose a larger sample of the pond stratigraphy and explore for secondary faulting (location: Fig. 2, Fig. 3 ; logs: Fig. 4, Fig. 5 ). Trenching was done in mid-July to lessen ground-water problems. Although a permanent drain field had been installed, ground water is always within 1-2 m of the surface, so frequent pumping was needed.
We sampled for radiocarbon dating in three stages to achieve the fastest possible laboratory dating while the logging progressed. Samples taken in the first two days covered a wide range of stratigraphic horizons and were processed in 2-3 days by Lawrence Livermore National Laboratory's Center for Accelerator Mass Spectrometry (LLNL-CAMS). This allowed us to focus later stages of sampling on horizons most critical to dating the MRE and on other horizons important to establishing a complete paleoearthquake chronology for the past ~2,000 years. Altogether, about 90 radiocarbon samples were dated, predominantly on detrital charcoal (Table A1) .
Stratigraphy
Although bedrock units adjacent to the fault are mapped in general as serpentinite southwest of the fault and as melange of the Franciscan Assemblage to the northeast (Radbruch and Case, 1967; Dibblee, 1980; Graymer and others, 1995) , in our trenching, we found serpentinite on both sides of the main fault trace (Fig. 4) . Southwest of the fault, the serpentinite is weathered to clay and rock fragments and is overlain by colluvial units of similar composition; below the northeasternmost pond sediments, the in situ serpentinite is highly-weathered but retains some rock structure.
Sag pond deposits have accumulated for at least the last 6,000 years at the site at an average rate of ~0.3 mm/yr. Deposition rates vary laterally and tend to be greater near the fault, up to 0.46 mm/yr. The pond sediments are composed of organic-rich silts and clays that are generally massive, but fine laminar structure is fairly abundant and variations in color made it possible to map and correlate several strata between trench exposures (Fig. 5) . Drying of the pond deposits was essential to our recognition of sedimentary structure. Where walls remained saturated in the lower part of the trenches, little structure was observed.
The most distinctive units are four wildfire ash layers (units: u8, u15, u18, u24 ) that became the essential control strata for checking the overall correlation of the sequence. Adjacent to the main fault, a series of colluvial packages interfinger with the pond deposits and are derived principally from the intensely weathered serpentinite bedrock. Several minor unconformities exist near the fault, but the stratigraphic record as a whole appears complete and reliably dated for the ~2,200 years preceding the historic period. Units older than ~2,200 yr were saturated from the high water table, and few units were logged in detail or could be correlated reliably between the trenches.
A major erosional unconformity exists between units u27 and u28. A clean gray silty clay (u28) directly overlies the unconformity, and it is overlain by its more clast-rich equivalent (u29). These units are generally thicker, more massive and less organic-rich than the underlying pond deposits. Although we suspected that they were of historical age, we found no historical artifacts in them. However, pollen analysis of the pond sequence, shows that these gray units (u28, u29) both contain Eucalyptus, a tree that became widespread in the region during the 1880s. The next overlying unit (u30) is rockier than the underlying units, 5 and probably is a fill applied as an improvement to the golf course which was built circa World War I.
Paleoearthquakes
Paleoearthquakes are preserved in the stratigraphic record as relative changes in the amount of deformation between two adjacent units (called event horizons). Younger units are deformed less than older underlying units. Examples of features we interpret as evidence of past surface-rupturing earthquakes include: upward terminations of fault traces, disrupted strata, and discordant angular relations and scarp-derived colluvia. However, the occurrence of surface creep along the fault increases the difficulty in defining event horizons associated with coseismic surface rupture from paleoearthquakes. Because creep occurs on the Hayward fault (Lienkaemper and others, 1991; Lienkaemper and Galehouse, 1997) , it is important to show that these increases in deformation downward derive from sudden, brittle surfacerupturing processes that we associate with large earthquakes, and not from gradual fault creep. We found evidence for nine possible deformation events in the sag pond deposits that we presently interpret as evidence of coseismic surface rupture. However, the ages of the three early events E1, E2, E3 are poorly constrained and resolution of stratigraphic and faulting features was much poorer in the lower, water-saturated stratigraphy, so we do not include these events in our discussion of recurrence interval. The stratigraphic sequence is reasonably well-dated for up to seven apparent ground-rupturing earthquakes, which we call E4, E5, E6, E8, E9, E10 and E11. In Figure 6 and Table 1 , we summarize various evidence for each of these seven events in terms of its relative degree of certainty. Events E4, E6, E8 and E11 have clear evidence in most exposures. Events E3, E9 and E10 require the aggregation of more subtle evidence to suggest that they are distinct surface-rupturing events. Evidence for event E5 is fairly strong, but is less widespread among the exposures. One event that was initially interpreted, E7, was eliminated as our work correlating stratigraphic units progressed. Thus, there seem to be seven surface rupture events since 392 BC to 54 BC, four of which are more distinct (Tables 1 and 2 ), however this record could be incomplete for two reasons. Firstly, when such pond deposits are submerged, surface rupturing may occur with little or no brittle deformation and thus earthquake ruptures could either go undetected, or evidence for them might appear less distinct than for those occurring during the dry season. Secondly and perhaps even more important, an incomplete record of events can result simply from hiatuses in deposition. Further trenching is the best means of corroborating this preliminary event chronology and testing it for completeness.
Most Recent Event (MRE)
Because of the critical importance of the MRE to estimating the probability of future earthquakes, considerable attention was given to documenting the character of faulting and age constraints on event E11, which we judge to be the most recent event. We summarize evidence for the event E11 in Table 1 and age constraints on it, in Figure 6 and Table 2 . Some of the most conspicuous evidence for brittle fault slip in this event (on fault F2 above the u24/u25 contact, Fig. 5d ) coincides with the best age control on the event (on unit u25). A weighted average of 4 radiocarbon dates from u25 gives calibrated age ranges of AD 1640 to 1679 (61% probability) and AD 1768 to 1802 (34%), thus constraining at >95% confidence the lower bound of the MRE (E11) to after AD 1640.
The upper-bound age for this event from radiocarbon data depends mostly on one sample (1S-21) from colluvium (u26). It is weakly corroborated by another sample (2N-10) with an identical radiocarbon date in a coeval silt unit (u27). However, this sample is from a krotovina, or infilled burrow and thus may be younger than the colluvium that surrounds it.
Age estimates from these samples suggest the minimum age constraint for the MRE (E11) is: 1) probably before 1821 (>88% confidence), 2) unlikely to be in 1868 (≤7% chance for 1837-1876), and 3) highly unlikely to be in 1836 (<<1%) ( Table 2) .
Equivocal or possible minor offsets on the major unconformity below the gray clay units (u28, u29), primarily in the south wall of trench 2, suggest the possibility that another event may have occurred after event E11. However, we believe that these features, such as an apparent fissure fill above fault F4 and soil steps in the u27/u28 contact, are better explained as resulting from erosion or fault creep. The soil steps on the u27/u28 contact in trench 2 (south wall) were logged schematically as abrupt steps but did not distinctly appear to be fault offsets. This interpretation is strongly supported by laboratory work that shows Eucalyptus pollen in the gray unit. Eucalyptus was not planted in the East Bay until the 1870s, and was not planted widely until the 1880s (see appendix for details on pollen analysis and history). Thus, displacements, if any, on the u27/u28 contact result from slip that has occurred after the 1868 earthquake, thus would almost certainly be due to aseismic slip.
The results of our study supports the hypothesis of Toppozada and Borchardt (1998) , who conclude that the 1836 earthquake did not occur on the Hayward fault. Rather, a careful interpretation of the historical records of that period, suggests that there have been no large earthquakes on the Hayward fault since at least 1776. Based on the results presented here, we concur that 1776 is the best available estimate of minimum age for the MRE on the northern Hayward fault.
Recurrence interval
We consider age control reliable only for the past 7 events (E4 through E11). Event E7 was dismissed by improved stratigraphic correlation. To compute a minimum value for the mean recurrence interval, we use the minimum elapsed time for these seven or more events, 1627 years, which is derived from the 95% age bounds, AD 13 to 1640. This time period, 1627 yr divided by six intervals yields a minimum of <270 yr. Applying the less than symbol (<) to the minimum recurrence reiterates our concern that events might be missing from our record. At the other extreme, the four events with the most robust evidence (E4, E6, E8, E11) occurred after 355 BC and before AD 1776, i.e., three intervals in 2131 yr, or a maximum of 710 years.
We emphasize that this investigation is still in progress, and that we need to corroborate the paleoearthquakes thus far documented by logging other exposures and trenching other sites. Especially important, we need to confirm the completeness of the event record, because it is possible that some large earthquakes left no clear rupture evidence in the exposures logged to date.
Conclusions
The most recent event (MRE) is well-constrained by radiocarbon dating to have occurred after 1640. A single radiocarbon date supports the historical study of Toppozada and Borchardt (1998) , which indicates that the 1836 earthquake was not on the northern Hayward fault and implies that the MRE was prehistoric or pre-1776. We observed no evidence that surface rupture occurred here associated with the 1868 earthquake, although some of the depositional record of this period is absent. A minimum of <270 yr for the mean recurrence interval is indicated by our preliminary interpretation of 7 surface-rupturing events, and allows that events could be missing. Using only the evidence for the 4 mostconspicuous paleoearthquakes gives a maximum mean recurrence time of <710 yr. More trenching is needed to verify the number and timing of paleoearthquakes on the northern Hayward fault. Existing radiocarbon constraints are not precise enough to indicate possible clustering of events or to allow us to evaluate the variability in recurrence time. Recurrence intervals from this first phase of this paleoseismic investigation should not be used as a basis for computing hazard for the northern Hayward fault.
A p p e n d i x : P o l l e n a n a l y s i s a n d a g e o f g r a y c l a y , u n i t 2 8
Bulk wall samples taken during trenching at Mira Vista allowed for laboratory work on sedimentary pollen and organic content to determine whether the units surrounding the major erosional unconformity at the base of unit 28 are of historic age. We subsampled at 1-cm intervals a continuous section (see PS-3 at 6.2 m in trench 2 south wall, Fig. 5d ) containing a 12-cm thick portion of unit 28 and a 4-cm thick portion of unit 25. Loss on ignition was performed to determine organic content, and standard acid digestion procedures (Faegri and Iversen, 1989) were used to prepare the samples for pollen analysis. After replacing sample depths with codes to ensure blind testing, all 16 samples were analyzed for organic content and scanned for non-native pollen types. In eight samples, four from each unit, at least 300 pollen grains were identified to the family, genus, or species level and plotted as a percentage of total aquatic or non-aquatic pollen. A total of 35 taxa were identified in the samples. Figure A2 shows key results from laboratory work. We found no non-native pollen types in the unit below the unconformity. While this alone does not demonstrate a pre-historic age for the unit, the high organic content, abundance of Sequoia pollen, and relatively low levels of Poaceae and Brassicaceae pollen argue for a pre-or early-Spanish age for the unit (e.g. Byrne et. al., 1993) . The presence of Erodium and Eucalyptus pollen throughout unit 28, above the unconformity, confirms that the unit is of historic age. Erodium cicutarium became naturalized in the San Francisco Bay Area soon after Spanish arrival in 1772 and is the likely source of the pollen (Hendrey, 1931; Frankel, 1967) . Erodium at the base of unit 28 thus assigns an earliest date of 1772 to the sediments. Eucalyptus pollen throughout the top 3/4 of the unit imply a younger age for the majority of the unit. Eucalyptus species were not introduced to California until 1857 and were not planted in the East Bay until the 1870s (Lanson, 1952) . The top 3/4 of the unit are thus assigned an age no earlier than 1870. However, it is quite possible that the bottom 1/4 of the unit is also post-1870, as Eucalyptus was not planted on a grand scale in the East Bay until the 1880s. The lower part of the gray clay unit is uniform in texture and lacks stratification, hence may suggest rapid deposition. Thus the appearance of a single grain of Eucalyptus pollen solely in the fourth of the lowest seven intervals may suggest only that the pollen density of Eucalyptus is quite low during this era. The sharp increases in Poaceae and Brassicaceae pollen in unit 28 reflect historic invasion of native, largely perennial grasslands by annual grasses and associated herbs. Other well-dated sites in the California coast ranges show marked increases in Poaceae and Brassicaceae pollen after 1860 (Byrne et. al., 1993) . The abrupt decline in Sequoia pollen in the gray unit is an expected result of widespread cutting of redwood stands in Oakland in the 1840s (Gibbons, 1893) . The markedly lower organic content of unit 28 is likely due to grazing impacts on soils surrounding the site.
That unit 28 was deposited over a period of time and in an aquatic environment rather than as a massive fill event is supported by the aquatic pollen stratigraphy ( Figure A3) . Declining values of Sagittaria pollen and increasing values of Cyperaceae pollen are consistent with hydroseral succession in an infilling pond. Declining pollen concentration and organic content toward the top of the unit indicate an increasing sedimentary rate throughout the period of deposition, perhaps as a result of increasing grazing pressure. Pollen concentration at the bottom of the unit is roughly double that at the top, suggesting that the sedimentation rate doubled over the period of deposition.
In summary, unit 28 is firmly established to be of historic age, with the majority if not all of the sediments deposited after 1870 based on the occurrence of non-native Eucalyptus pollen. Although the base of the unit was not found to contain Eucalyptus pollen, the record of terrestrial tree and herb pollen is consistent with a late 19th century date of sediment deposition. The aquatic pollen record, organic content, and pollen concentration in the unit indicate that it was not deposited as a massive fill but over time in a pond environment. The terrestrial pollen record in unit (?) below the unconformity suggest that the unit is pre-or early-Spanish (i.e. pre-1800). The amount of time represented by the unconformity is probably no less than 60 years (1800-1860). Sampling deeper in the gray clay is needed to determine more reliably the lowest stratigraphic level that contains Eucalyptus pollen. (Lienkaemper et al., 1995) ; MH, Masonic Home (Lienkaemper and Borchardt, 1996) ; TP, Tule Pond (Williams et al., 1993) . Other localities: RM, Rocky Mound, key triangulation point of Yu and Segall (1996) ; BT, BART tunnel; CR, near Calaveras Reservoir, the branching point of northern Calaveras fault from faster-creeping southern Calaveras fault (Working Group on Northern California Earthquake Potential, 1996). 15, 18 and 24 (u8, u15, u18, u24) shown with "v" pattern where ash is most concentrated (i.e., less disturbed). Units 1 through 31 (u1,...,u31), numbered in hexagons to distinguish from events 1 through 11 (i.e., paleoearthquakes, E1, ..., E11), numbered in squares. Figure 6 . Age constraints on paleoearthquakes. Event numbers shown above each event symbol, elongated ovals; calibrated age data given in Table 2 . Age constraints all at 95% confidence, except event E11 (MRE) has upper bound limited by introduced pollen and pre-1776 historical limit of Toppozada and Borchardt (1998) . Squares show ages of radiocarbon-dated units; weighted averages (method of Stuiver and Reimer, 1993) used wherever possible. P1, P2 and P3 indicate probability ranges described in Table 2 . 
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Figure 2 Note: Calibrated age ranges P1L to P1U represent 2 standard deviations calculated with program of Stuiver and Reimer (1993) except for units 25-26 for which multiple intercepts exist in calibration curve, see comment column above for probabilities associated with each intercepted age range. Stuiver and Polach (Radiocarbon, v. 19, p.355, 1977) when given without decimal places. Values measured for the material itself are given with a single decimal place.
2) The quoted age is in radiocarbon years using the Libby half life of 5568 and following the conventions of Stuiver and Polach (ibid.).
3) Radiocarbon concentration is given as fraction Modern, D14C, and conventional radiocarbon age.
4) Sample preparation backgrounds have been subtracted, based on measurements of samples of 14C-free coal. Backgrounds were scaled relative to sample size.
5) Letter codes used: k = krotovina, sampled from infilled burrow; wa = included in weighted average for unit; ? = unit identity highly uncertain 6) Calibrated ages computed only for samples identified as being in stratigraphic sequence and having meaningfull ages. Some ages are clearly rejectable based on having prehistoric radiocarbon in historical-aged units, others are judged inconsistent for appearing to be out of sequence by more than 100 yr. 
